Cloud-cloud collision which triggered formation of the super star cluster RCW38: 12 CO(J=1-0, J=3-2) and 13 CO(J=1-0) observations with NANTEN2, Mopra, and ASTE telescopes 
Introduction
High-mass stars are highly energetic and influential on dynamics of the interstellar medium via stellar winds, photoionization and supernova explosions at the end of their lives. Chemical enrichment of heavy elements is another important effect of high-mass stars in galactic evolution. Formation of high-mass stars is therefore one of the most important issues in astrophysics and a number of works have been published so far (for recent reviews see Zinnecker & Yorke 2007; Tan et al. 2014) . It has been discussed that Core Accretion and Competitive Accretion are viable scenarios for high-mass star formation. In the Core Accretion scenario a massive dense cloud is the initial condition for the stellar cluster formation including high-mass stars, whereas in the Competitive Accretion scenario a stellar cluster/prestellar clumps of various masses are assumed to grow in mass by accretion of the ambient gas. Tan et al. (2014) discussed that star formation in these scenarios depends on the initial conditions of the cloud or the stars/clumps, and that connection with the stellar initial mass function will offer a key to test which scenario is viable as the formation mechanism of high-mass stars, whereas we do not have yet conclusive evidence for either of them.
Recent ALMA observations led to a discovery of formation of a 37 M ⊙ star triggered by collision between two filamentary clouds in N159 in the Large Magellanic Cloud (Fukui et al. 2015, hereafter Paper I) . This simple system consisting of two thin filaments allows one to identify the collision which accompanies enhanced turbulent layer as is consistent with the prediction based on magneto-hydro-dynamical numerical simulations (Inoue & Fukui 2013 ). In the other Galactic regions of high-mass star formation we have growing evidence for triggered high-mass star formation by cloud-cloud collisions; they include two super star clusters (SSCs) NGC3603 and Westerlund 2 (Fukui et al. 2014, hereafter Paper II; Furukawa et al. 2009, Paper III; Ohama et al. 2010 ) and single O stars in M 20 and RCW 120 (Torii et al. 2011 (Torii et al. , 2015 . On a global scale of galaxies, numerical simulations show that collisions between clouds are fairly frequent at every 10 Myrs, which is similar to an evolutionary timescale of GMCs (Tasker & Tan 2009; Dobbs et al. 2014 Dobbs et al. , 2015 . It is becoming possible to consider cloud-cloud collisions as one of the modes of high-mass star formation.
The characteristics of high-mass star formation by cloud-cloud collision are different from the previous scenario Core Accretion because in the cloud-cloud collision scenario dense and massive cores are not required as the initial condition. The case of N159 West indicates that a dense CS/dust core is seen only toward the 37 M ⊙ star, and the rest of the filamentary clouds has no dense CS/dust cores, suggesting that the initial condition is of low density, less than 10 4 cm −3 , even for high-mass star formation. The supersonic flow caused by the collision allows strong non-gravitational accumulation of the dense gas into a small volume very quickly within a typical timescale of 10 5 yrs. This becomes possible by efficient collimation of the colliding flow into a small volume of a 1 pc 3 scale via the guided flow by curved magnetic field (Inoue & Fukui 2013) or by non-magnetic focusing (Takahira et al. 2014 ).
RCW 38 (Rodgers et al. 1960 ) located at 1.7 kpc from the sun is known as one of the closest high-mass star forming regions containing more than thousand stars (Wolk et al. 2006; Lada & Lada 2003) (Figure 1 ). At the central part of RCW 38, two remarkable infrared peaks have been identified (Frogel & Persson 1974) . The brightest at 2 µm is labeled IRS 2, which corresponds to the O5.5 binary located at the center of the RCW 38
cluster (DeRose et al. 2009 ). Furniss et al. (1975 derived a total infrared luminosity toward IRS 2 to be 7 × 10 5 L ⊙ . On the other hand, the brightest in 10 µm is found 0.1 pc west of IRS 2, and is labelled IRS 1. IRS 1 is a dust ridge extending by 0.1 -0.2 pc in the north-south direction (Figure 1b ), which has a color temperature of about 175 K and includes several condensations (Smith et al. 1999 ).
Infrared and millimeter radio observations has indicated a "ring-like" or "horseshoe" structure around IRS 2 about 1 ′ -2 ′ across ( Figure 1 ; Huchtmeier 1974; Vigil 2004; Wolk et al. 2006 Wolk et al. , 2008 . Inside the ring-like shape two regions are cleared of dust and forms cavities, one is the region centered on IRS 2 with a diameter of ∼0.1 pc, and another is just west of IRS 1 with a similar size (Smith et al. 1999; Wolk et al. 2008) , suggesting that they were formed by feedbacks from high-mass stars. A large-area infrared image shows that RCW 38 includes numerous filaments and bubbles (see Figure 1a) . Kaneda et al. (2013) discussed, using the AKARI infrared satellite observations, that the extended infrared emission is attributed to the polycyclic aromatic hydrocarbon (PAH), warm dust grains detectable at mid-infrared, and cool dust grains at far-infrared along the line-of-sight. They also observed [Cii] 158 µm line which suggests that PAHs play a relatively important role for photo-electric heating of gas in photo-dissociation regions (PDRs) in the central ∼ 3 pc of RCW 38.
Condition of the Hii region has been investigated by radio continuum and recombination line observations; an electron temperature of ∼ 8000 K, an emission measure of ∼ 10 6 pc cm −6 , and v LSR and ∆v of the recombination line is +1 km s −1 and over carried out so far. Near infrared observations by using the Very Large Telescope (VLT) identified more than 300 young stars for the ∼0.5 pc 2 area centered on IRS 2 (DeRose et al.
2009
). Chandra observations reported by Wolk et al. (2006) Orion-KL shown in Figure 6 of Ladd et al. (2005) . We finally obtained an extend beam efficiency of 0.48.
ASTE
12 CO J=3-2 observations CO J=3-2 line observations of RCW 38 were performed by using the ASTE 10-m telescope located in Chile in 2013. The waveguide-type sideband-separating SIS mixer receiver for the single sideband (SSB) "CAT345" having system temperature of XX K and the digital spectrometer "MAC" with the narrow-band mode providing 128 MHz bandwidth and 0.125 MHz resolution, which corresponds to 111 km s −1 velocity coverage and 0.11 km s −1 velocity resolution at 345 GHz, was used. The observations were made with the OTF mode at a grid spacing of 7.5 ′′ , and the HPBW was 22 ′′ at the CO J=3-2 frequency.
Results

Large scale molecular distributions with NANTEN2
We first present large scale molecular distributions of RCW 38 using the NANTEN2
12 CO J=1-0 dataset. Compared with the NANTEN observations given by Yamaguchi et al. (1999) , although the beam size of 180 ′′ is the same, the grid spacing of 60 ′′ in the present NANTEN2 observations is quarter, which enables us to reveal the gas distributions into more detail.
As shown in the CO distributions in Figure 2 , toward the direction of RCW 38, two CO clouds are distributed at radial velocities v LSR of −4 -+8 km s −1 and +9 -+14 km s −1 .
In Figure 2 (a), the blue-shifted cloud has a remarkably strong peak just coinciding with the center part of RCW 38. The compact peak with a size of 0.
• 1 (∼ 3 pc at RCW 38) has a trailing feature elongated toward the southwest of RCW 38, showing a characteristic "head-tail" structure, which was also detected in Yamaguchi et al. (1999) . The head-tail structure is surrounded by the diffuse CO emission distributed around v LSR of 0 -+8 km s −1 , covering the present observed region.
Contrary to the blue-shifted cloud, as shown in Figure 2 (b), the red-shifted cloud has weak and dispersed CO distribution. A CO peak at (l, b ∼ 268.
• 0, −1.
• 1) with relatively strong emission is located at just the southeast of RCW 38, pointing toward the center of RCW 38. This CO peak is well covered with the Mopra and ASTE observations as indicated by a box with solid lines in Figure 2 (b). There are several other CO components around the CO peak, and they all seem to be continuously distributed along the east-west direction roughly at a range of (l, b) ∼ (267.
• 5, −1.
• 2) -(268.
• 4, −0.
• 9). In the position-velocity diagram in Figure 2 (c), the red-shifted cloud can be identified separately from, although it looks being connected with, the blue-shifted cloud and the diffuse emission, suggesting a possible physical relationship of the red-shifted cloud with RCW 38.
Detailed molecular distributions with Mopra and ASTE
We present the detailed molecular distributions around RCW 38 using the Mopra and ASTE datasets. In Figure 3 , the integrated intensity maps (left and center panels) and the position-velocity maps (right panels) are shown with 12 CO J=3-2 (upper panels) and 13 CO J=1-0 (lower panels). In Figure 3 (a) and (d), the outstanding compact peak seen in shows a single peak at ∼2 km s −1 , indicating that the dip at the same velocity in the 12 CO is due to self-absorption. We hereafter call the blue-shifted cloud and the red-shifted cloud the 2 km s −1 cloud and the 14 km s −1 cloud, respectively.
The ring-like structure in 13 CO consists of four clumps (clumps I -IV), and the ring-like structure itself has an elongated shape along the northeast-southwest direction (Figure 4 ).
The sizes of the clumps range from 0.3 pc to 0.5 pc, and ∆v from ∼4 km s −1 to 5 km s −1 (Table 1) .
In contrast to the complicated distributions of the 2 km s −1 cloud, the 14 km s −1 cloud has a simple ridge elongated from the north to the south (Figures 3b and 3e cloud, we present distributions of the intensity ratio of 12 CO J=3-2 to 12 CO J=1-0 (hereafter R 3−2/1−0 ). Taking intensity ratios between different J-level CO is a useful diagnose of the molecular gas properties (e.g., Ohama et al. 2010; Torii et al. 2011; Fukui et al. 2014 ).
As seen in the R 3−2/1−0 position-velocity diagram in Figure 7 , both of the 2 km s −1
cloud and the 14 km s −1 cloud have typical ratios of 0.6 -0.8, up to over 1.0. Since the 2 km s −1 cloud is strongly affected by the self-absorption in 12 CO spectra around its central velocity range, ∼0 -4 km s −1 , the ratios around this velocity range is not reliable. On the other hand, low intensity ratios are seen at the northern part (declination > −47
• 27 ′ ) and southern part (declination < −47
• , 34 ′ ) of the 2 km s −1 cloud, where the diffuse CO emission is widely distributed, while the 14 km s −1 cloud retains its relatively high intensity ratios of ∼0.6 -0.8 throughout the cloud.
Temperature and density of the molecular gas
We here utilize the large velocity gradient (LVG) analysis (e.g., Goldreich & Kwan 1974 ) to estimate kinetic temperature T k and molecular number density n(H 2 ) of the 14 km s −1 cloud and the 2 km s −1 cloud to interpret their intensity ratio distributions.
We first present curves of R 3−2/1−0 as a function of T k in Figure 8 is larger than 0.7, which is depicted by a dashed line in Figure 8 , T k is always higher than 10 K for every n(H 2 ). 10 K is a typical value of the galactic molecular gas without any star formation, suggesting that the gas with T k higher than 10 K is heated by some additional heating. On the other hand, if R 3−2/1−0 is as small as 0.4, T k cannot be determined, since it has a large variation from <10 K to >100 K depending on n(H 2 ).
Both of the 2 km s −1 cloud and the 14 km s −1 cloud show R 3−2/1−0 of higher than 0.7 and up to over 1.0 at many points, suggesting that these two clouds have T k higher than 10 K. It is reasonable that the heating is due to the O stars in RCW38. On the other hand, the physical condition of the diffuse CO emission surrounding the 2 km s −1 cloud with R 3−2/1−0 of 0.4 is unclear.
In order to provide more quantitative constraints for T k and n(H 2 ), we here add the ratio of 13 CO J=1-0 to 12 CO J=1-0 (hereafter R the same receiver and the same backend at Mopra, we here assume that the 10 % relative calibration error is canceled for R 13/12 , and is adopted only for R 3−2/1−0 . In addition, dv/dr is estimated for individual regions, and X(CO) is assumed to be 10 −4 same as in Figure 8 .
Finally, T k and n(H 2 ) are given at the region where R 3−2/1−0 curve and R 13/12 curve overlap.
The results are summarized as follows: Regions A -C in the 2 km s −1 cloud and all regions in the 14 km s −1 cloud (regions F -J) show T k of higher than 10 K, typically 30 -40 K and up to more than 50 K. Typical n(H 2 ) for these regions are about 10 3 -10 4 cm −3 , where only lower limits are given for regions A, B, and F2 and no solutions are given for regions F1 and I. On the other hand, regions D and E located at the south of the 2 km s −1 cloud show significantly low T k less than 10 K and n(H 2 ) of ∼ 3 × 10 3 cm −3 .
As a summary, both of the 2 km s By adopting the distance of RCW 38, 1.7 kpc, to both the 2 km s −1 cloud and the 14 km s −1 cloud, their molecular masses can be estimated. We first estimate the molecular mass by using the X(CO) factor, which is an empirical conversion factor from 12 CO J=1-0 integrated intensity into H 2 column density. We hereafter refer to the molecular mass estimated with a X(CO) factor as M X(CO) . As already stated, since 12 CO is strongly affected by the self-absorption in particular in the central 1 -2 pc of RCW 38, M X(CO) may be underestimated. It is, however, still quite useful to estimate M X(CO) to give the lower limit of the molecular mass. We here assume an X(CO)-factor of 2 × 10 20 cm
We next estimate the molecular mass of the central ring-like structure in the 2 km s −1 cloud using the Mopra 13 CO J=1-0 data with the local thermodynamic equilibrium (LTE) assumption. In estimate of the molecular mass with a LTE assumption (hereafter M LTE ), excitation temperature T ex must be provided, and the peak intensity of the 12 CO J=1-0 emission T ( 12 CO) is usually used to estimate T ex with the following equation ( These results are also summarized in Table 1 . Figure 11 shows velocity channel distributions of CO overlayed on the infrared image, which consists of several filamentary features around the central peak toward the cluster (Kaneda et al. 2013 ). YSOs and O star candidates plotted in Figure 11 cloud is verified by the correspondence. The 14 km s −1 cloud is associated with the two infrared features f and g as suggested by the correspondence. We further note that the 14 km s −1 cloud is probably responsible for IRS 2 which is distributed in the north-south direction and is clearly irradiated by the cluster, whereas the current resolution is not high enough to test details of the CO distribution with the infrared image. By considering the enhanced line intensity ratio in Section 3.3, which indicates the high temperature due to radiative heating, we see unambiguous evidence for the association of the two clouds with the cluster. 1. The 2 km s −1 cloud shows a hole toward the cluster and is ring shaped. The cloud is also associated with the infrared filamentary features heated by the cluster. The 14 km s −1 cloud also shows a good correspondence with the depression of the infrared emission elongated in the south (see 12.7-15.1 km s −1 panel in Figure 12 ). These morphological correspondences show the physical association of the clouds with the cluster.
Comparisons with infrared images
2. The line intensity ratio of the 12 CO J=3-2 emission to 13 CO J=1-0 emission shows significantly high values, corresponding to high gas temperatures toward the cluster.
LVG calculations show that the temperature there is as high as 30 K, consistent with local heating by the O stars in the cluster. It is also possible that shock heating may provide additional heating which also supports the physical interaction between the two clouds with the cluster.
3. An additional sign of the interaction between the clouds is seen as the bridging features between the clouds in velocity at least in three places including the direction of the cluster center as described in section 3.
The cloud velocity separation is large 12 km s −1 as seen in the previous two cases
Westerlund 2 and NGC 3603 studied in Papers I and II. The velocity is too large to be gravitationally bound by the total mass of the clouds and cluster, 10 5 M ⊙ . This indicates that the cloud encounter is by chance, while the relatively rich molecular density in the Vela ridge region (Yamaguchi et al. 1999 (Yamaguchi et al. , 2001 ) may favor more frequent collisions than elsewhere in the Galaxy, for instance in the inter-arm regions.
RCW38 as the youngest SSC in the Galaxy
The RCW 38 is different from the previous two cases of cloud-cloud collision, NGC 3603 and Westerlund 2, in that the nebulous dusty material is still rich even toward the cluster (see Spitzer image in Figure 1 , Kaneda et al. 2013 ). This suggests that RCW 38 is the youngest cluster studied so far in the context of super star cluster formation, and is consistent with that there is plenty of molecular gas within projected radius of 0.3 pc of the cluster. This is a unique feature of RCW 38 not seen in the other two and may provide a best opportunity to study the initial conditions of the super star cluster formation. Figure 13 shows the averaged CO intensity in the three cluster RCW38, NGC3603, and Westerlund2, indicating that RCW38 has the largest molecular mass within a few pc of the cluster. In the other two cases Westerlund 2 and NGC 3603 the central parts of the clouds are already strongly ionized; ionized radii are a few pc for Westerlund 2 and 0.5 pc for NGC 3603 corresponding to a typical age of ∼ 2 Myrs.
The only partial ionizing dispersal of the molecular gas in RCW 38 allows us to study the collisional process in the stage of cluster formation earlier than NGC 3603 and Westerlund 2. In this context, it is of particular interest to look into the initial conditions prior to the collision. In Figure 11 The stellar spectral types are not well constrained yet in part due to the heavy obscuration in RCW38. The ionization nonetheless offers a robust limit for the typical mass of the O stars to be more than 20 M ⊙ for the total UV photons estimated by radio continuum observations. Concerning the timescale of high-mass star formation, it has been shown that the youngest stars are formed coevally in the order of 10 5 yrs in NGC3603 and Westerlund 2 by careful measurements of stellar ages with HST and VLT (Kudryavtseva et al. 2012) . Since the highest-mass stars have 30-100 M ⊙ in these clusters, the mass accretion rate is estimated to be 3 × 10 −4 M ⊙ yr −1 to 10 −3 M ⊙ yr −1 as is consistent with the present case.
Conclusions
We have carried out CO J=1-0 and J=3-2 observations toward the super star cluster RCW 38 with NANTEN2, ASTE and Mopra mm/sub-mm telescopes. The main conclusions of the present study are summarized as follows;
1. We have observed two molecular clouds at velocities of 2 km s −1 and 14 km s −1 toward RCW 38. The 2 km s −1 cloud shows a ring-like shape with a cavity inside the ring ionized by the cluster and has a high molecular column density of ∼ 10 23 cm −2 . The other has a finger-like shape whose tip is toward the cluster and has a low molecular column density of 10 21 cm −2 . The total masses of the 2 km s −1 cloud and the 14 km s (1) (2) (3) (4) (5) (6) Size of the 13 CO clump. 
